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Abstract
Nanoscale droplets at a solid-liquid interface are of high relevance for many fun-
damental phenomena and applied processes. The solvent exchange process is a simple
approach to produce e.g. oil nanodroplets over a large surface area on a substrate, by
exchange oil-saturated ethanol by oil-saturated water, which has a lower oil solubility
than ethanol. In this process, the size of the nanodroplets is closely related to the flow
conditions. To achieve control of the droplet size, it is essential to fully understand the
nucleation and growth of nanodroplets under different flow conditions. In this work, we
investigate the gravitational effect on the droplet formation by the solvent exchange.
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We compared the droplet size as the substrate was placed on the upper or lower wall in
a horizontal fluid channel or on the sides of a vertical channel with an upward or down-
ward flow. We found significant difference in the droplet size for the three substrate
positions in a wide channel with height h = 0.21 mm. The difference of droplet size was
eliminated in a narrow channel with height h = 0.07 mm. The relevant dimensional
control parameter for the occurrence of the gravitational effects is the Archimedes num-
ber Ar and these two heights correspond to Ar = 10 and Ar = 0.35, respectively. The
gravitational effects lead to a non-symmetric parabolic profile of the mixing front, with
the velocity maximum being off-center and thus with different distances α(Ar)h and
(1 − α(Ar))h to the lower and upper wall, respectively. The ratio of the total droplet
volume on the lower and upper wall is theoretically found to be (α(Ar)/(1−α(Ar)))3.
This study thus improves our understanding of the mechanism of the solvent exchange
process, providing guidelines for tailoring the volume of surface nanodroplets.
Introduction
Surface nanodroplets refer to the droplets at a solid-liquid interface with at least one dimen-
sion less than 1 µm. Those nanodroplets draw great interest from both fundamental studies
and broad applications.1–4 Such systems possess fascinating stability and colloidal proper-
ties.5–7 They act as miniaturised reactors in formulation industry,8,9 microcontainers for
high throughput screening and analysis,10–13 and adjustable lenses in high-resolution near-
field imaging technique.14 The solvent exchange is a simple approach to form nanodroplets
(or bubbles) at a solid-liquid interface.15,16 This approach is versatile for the type of droplets
(oils, or water) and planar or non-planar substrates.17 The droplets can be controlled to
be as small as several attoliters and be arranged on well-defined locations.18 The basic re-
quirements for the solvent exchange are: (a) two miscible solvents (the first: solution A;
the second: solution B), (b) the droplet liquid with a higher solubility in solution A than in
solution B, and (c) a substrate with an appropriate wettability.1
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To arbitrarily tailor the volume of surface nanodroplets, it is essential to fully under-
stand the principle of the solvent exchange. The latest work by us and our co-workers has
reported the primary mechanism that drives the heterogeneous nucleation and growth of
droplets in this process: A pulse of oil oversaturation is created at the mixing front between
solution A and B, the intensity and duration of which dominate the droplet nucleation and
growth.16 The theoretical analysis showed that the volume of the nanodroplets increases with
the Peclet number (Pe) of the flow as ∝ Pe3/4, in good agreement with the experimental
results.16 Gravitational effects were noticed in high channels where the convection facilitates
the mixing and the formation of larger and more heterogenous droplets. In this work, we try
to understand whether the gravity plays a role in a channel that is already narrow enough
to eliminate convectional effects. Very interestingly, we found that the volume of surface
nanodroplets in a horizontal channel is still subject to gravitational effects till the channel
height is less than 70 µm. The insight from this work will be valuable for the effective design
in scale-up of nanodroplet formation.
Experimental section
Solutions and Substrate: The monomer and initiator was 1,6-hexanediol di-acrylate
(HDODA) (80%, Sigma-Aldrich) and 2-hydroxy-2-methylpropiophenone (97%, Sigma-Aldrich)
respectively. A stock solution of monomer precursors, served as oil-rich phase, was prepared
by mixing 10 volume of monomer and 1 volume of initiator. Solution A was obtained after
4 mL of the stock solution was dissolved into 100 mL 50 vol% ethanol aqueous solution.
Solution B was HDODA-saturated water.
Silicon coated with a monolayer of octadecyltrichlorosiliane (OTS-Si) was prepared by
following the protocol reported in previous work,18 and was used as the substrate in all
experiments. Before use, OTS-Si substrate was sonicated in ethanol for 10 mins and dried
under a nitrogen stream. It was further cleaned by a CO2 snow injector (30 Gunjet Spraying
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Systems CO. Wheaton, IL USA.) to remove any aggregates on the surface.19
Solvent exchange: The top and side view of the fluid cell and solvent exchange process
are sketched in Fig. 1a. During the solvent exchange process, solution A with high oil
solubility filled the fluid cell first, and then was displaced by solution B with low oil solubility.
The solvent exchange speed is controlled at a constant flow rate of solution B by using
a syringe pump. In order to identify the gravity effect in the solvent exchange process,
four sets (Fig. 1b) at different tilting angles (0, 90◦, 180◦ and 270◦) were designed and
tested. After the completion of the solvent exchange, the oil nanodroplets on the substrate
were illuminated with an UV lamp (365 nm, 20 W) for 15 minutes to order to solidify
the nanolenses by photopolymerization. Finally, the substrate was washed with ethanol
and dried under a gentle nitrogen stream. After this, the polymerized surface droplets on
the substrate was characterised by a reflection-mode optical microscopy and tapping-mode
atomic force microscopy (AFM).
Flow conditions: In our experiment, the width (w) and height (h) of the fluid cell are 15
mm and 0.21 mm, respectively. The flow conditions are listed in Table 1, where U¯ is the mean
flow velocity, the flow rate Q = hwU¯ , the Reynolds number of flow Re = U¯h/ν = Q/(wν)
and Peclet number Pe = U¯h/D. Here ν is the viscosity (ν = 10−6 m2/s) and D is the
diffusivity (D ≈ 1.0 × 10−9 m2/s).20,21 All of our experiments are in the regime of laminar
flow, i.e. Re < 1.
Table 1: Flow rates during the solvent exchange. The dimensions of the flow channel were
constant in all experiments.
Q (µL/min) Re Pe U (mm/s)
100 0.04 111 0.53
200 0.08 222 1.06
400 0.17 444 2.12
800 0.34 889 4.23
1600 0.67 1778 8.47
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Figure 1: Illustration of the solvent exchange process and the positioning of the fluid channel.
(a) The fluid cell consists of a base, a spacer and a glass top. The hydrophobic substrate was
fixed on the base. (b) The four configurations (0◦, 90◦, 180◦ and 270◦) that are examined
in this manuscript. When the fluid cell was placed horizontally, the flow was always parallel
to the substrate placed either on the bottom (0◦ flow) or on the top (180◦ flow). When the
fluid cell and the substrate were placed vertically, the flow was either pumped upwards (90◦
flow) or downwards (270◦ flow).
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Results
The morphology of droplets produced on horizontal and vertical substrates were character-
ized to examine the gravity effect. Figs. 2a and b show a representative three-dimensional
view and the plot of the droplet height versus the lateral size. The shape of all the droplets
are spherical caps with a height (H) of 50 nm to 1.2 µm, a lateral diameter (L) of 2–40 µm.
The ratio between the droplet height and the lateral diameter is approximately 0.03, cor-
responding to a contact angle around 6◦. So the droplet morphology is same for different
tilting angles and not influenced by gravity, which is expected as the droplet size is so small
that the capillarity force dominates.
Optical images in Fig. 2c show the droplet size as the substrate was positioned at
different angles. The droplets are significantly larger on the substrate that was faced down
than that faced up toward the flow at the same rate of 100 µL/min. Moreover, the probability
distribution function (PDF) in Fig. 2d illustrates that the distribution of droplet size can
be varied dramatically by simply turning around the fluid channel with an angle of 0◦, 90◦,
180◦ to 270◦.
We further examined the gravity effects on the droplet size by varying the flow rate from
200 µL/min to 1600 µL/min at each fixed angle. As shown in Fig. 3, for a given flow rate
the droplet size always follow the same order on the substrate of 0◦ < 90◦ < 180◦. For low
flow rates of less than 800 µL/min, an downward flow on a 270◦ substrate produced much
larger droplets than an upward flow on a 90◦ substrate. However, this difference diminished
as the flow rate increases to 1600 µL/min, and the droplet size became the same from both
upward and downward flow.
The droplet volume per unit surface area was calculated according to the lateral diameter
and the droplet contact angle of 6◦ resulting from Fig. 2b. The analysis shows that the
volume of the droplets increases with the flow rate. For a fixed angle of 0◦, 90◦ or 180◦,
the droplet size increases with the Peclet number of the flow as V ol ∝ h3Pe3/4, as shown in
Fig. 4. This is consistent with the recent report on the droplet formation under controlled
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Figure 2: The morphologic features, optical image and size distribution of the surface droplets
formed in the solvent exchange process. (a) Representative 3D AFM image of the poly-
merised surface droplets. (b) Height H versus lateral diameter L of the surface droplets. The
slope is certified to be nearly independent of the tilting angle. So the contact angle of surface
droplet is independent of the tilting angle as well. (c) Reflection-mode optical images of the
ploymerized surface droplets produced at the flow rate 100 µL/min of four tilting angles (0,
90, 180 and 270 degree). (d) PDF versus L (in µm) on a logarithmic scale.
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Figure 3: Optical images and PDF of four substrate positions at various flow rates. (a-
d) More optical images of four positioning angles at different flow rates: 200 µL/min,
400 µL/min, 800 µL/min and 1600 µL/min. (e-h) The corresponding results of PDF versus
L (µm) on a logarithmic scale to optical images (a-d).
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flow conditions. Our results show that the scaling law (V ol ∝ h3Pe3/4) is valid not only on
the horizontal substrate at the angle of 0◦,16 but also on the substrate at the angle of 90◦ or
180◦.
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Figure 4: Size of surface droplets formed at different tilting angles and flow rates under the
channel height 0.21 mm. (a) Averaged volume per µm2 of surface droplets as a function of
various flow rates of four tilting angles. (b) Averaged volume of surface droplets versus the
Peclet number on a log-log plot. The dashed lines show the slope of 3/4, corresponding to
the scaling law V ol ∝ h3Pe3/4.
After having shown the Peclet number scaling relations of the droplet volume for various
orientations as derived in ref. 16, we would now like to address the prefactor. Therefore we
fit the data for the volume (V ol) in Fig. 4b with the scaling law V ol = f(θ)h3Pe3/4, with
an orientation dependent prefactor f(θ). The ratio of these prefactors between the upper
(θ = 180◦), the lower (θ = 0◦), and the vertical (θ = 90◦) wall is 6.3 : 1 : 2.5. We will explain
soon that this ratio is exactly due to the gravitational effect.
Discussion
We will now explain the gravity effects on the droplet size. The sketch in Fig. 5a illustrates a
perfect parabolic profile of the moving front where the mixing between two solutions occurs,
providing the oversaturated oil for the formation and growth of surface droplets. The volume
of droplets increases with the Peclet number of the flow as V ol ∝ h3Pe3/4.16 However, an
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ideal parabolic profile of the moving front of the solvent exchange is only the case in absence
of gravity effect. In general, however, one solution is lighter than the other one, with a density
difference ∆ρ. In our case the lighter solution A (with density 0.9 kg/m3) is displaced by a
flow of denser solution B (with density ρ = 1.0 kg/m3), i.e., ∆ρ = 0.1 kg/m3. As the channel
is laid flat, the profile of moving front may not be symmetric any more, due to the density
difference between solution A and B. The profile of the moving front is shifted downwards,
and consequently the position of the maximal flow velocity is lower than h/2 of the channel.
The crucial control parameter controlling these gravity effects is the Archimedes num-
ber22–24
Ar =
gh3
ν2
∆ρ
ρ
(1)
where g = 9.81 m/s2 is the gravitational acceleration and ν = 10−6 m2/s is the kinematic
viscosity. For large Ar  1 (i.e. larger density difference or channel height) gravity plays a
prominent role, whereas for small Ar  1 (i.e. smaller density difference or channel height)
the gravity effect can be neglected. In our experiments h = 0.21 mm, ∆ρ/ρ = 0.1, and
ν = 10−6 m2/s, and we obtain Ar ≈ 10. So the gravity indeed plays a substantial role on
the shape of the front profile. Later we will perform experiments in a h = 0.07 mm channel,
resulting in Ar ≈ 0.35. Indeed, in that case we will not find effects of the orientation of the
channel, i.e., no gravity effects.
How does the effect of gravity, which becomes dominant for Ar ≥ 1, qualitatively work?
The maximum of the flow will no longer be in the middle of the (horizontal) channel, but be
shifted slightly down, due to the denser water (solution B) as compared to ethanol (solution
A). Therefore the oil-rich ethanol is pushed upwards, where it will nucleate larger droplets
on the upper plate than on the bottom plate.
To further quantify the gravity effects, we define the position of the velocity peak (Vmax)
in a horizontal fluid channel. Vmax is at αh with α from 0 to 0.5. In the case Vmax at the half
channel resulted from a symmetrical parabolic profile (e.g., for Ar → 0) , α is 0.5. When
Vmax is on the bottom wall (e.g., for Ar →∞) α is 0, and concurrently it is 1 for the upper
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wall. Ideally, one should calculate α(Ar) for the solvent exchange process. However, the
detailed flow pattern will be complicated and time dependent; we will therefore leave α as
free parameter to be determined from our data.
One crucial idea of our theory of ref. 16 was to assume typical time scale for the nan-
odroplet growth as the diffusive time scale τ ∼ h2/D. When considering gravitational effects,
this assumptions needs an extension, namely we use the position of the velocity peak αh for
the estimate of τ . The relevant length scale is the distance between velocity maximum and
wall, which determines the diffusion time τ for the droplet growth, τ ∼ (αh)2/D where D is
the diffusion constant. The consequence from a squeezed or stretched profile is the difference
of diffusion time for the droplet growth on the upper and lower walls, which is αh for the
latter and (1− α)h for the former.
By doing so, with the same reasoning and derivation as in ref. 16, we obtain the scaling
laws for the final volumes of the surface droplets after the solvent exchange: On the bottom
wall it is
V ol ∼ α3h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4, (2)
where cs,eth is the oil saturation concentration in ethanol, cs,wat is the oil saturation concen-
tration in water, h is the channel height, and ρoil is the oil density. On the upper wall it
is
V ol ∼ (1− α)3h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4. (3)
On a vertical substrate with upward flow, the droplet volume is not influenced by the gravity,
thus α = 0.5,
V ol ∼ 1
8
h3
(
cs,wat
ρoil
)3/2(
cs,eth
cs,wat
− 1
)3/2
Pe3/4. (4)
For the given channel height and Peclet number, the ratio of the droplet volume on the
substrates placed at 0◦ (Vlower), 90◦ (Vvertical), and 180◦ (Vupper) thus is
Vlower : Vvertical : Vupper = 8α
3 : 1 : 8(1− α)3. (5)
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From our experimental results for the prefactors (f(θ)) in Fig. 4b (channel height h =
0.21 mm, corresponding to Ar ≈ 10) we had the ratio 1 : 2.5 : 6.3 or 0.4 : 1 : 2.52, resulting
in α ≈ 0.37 for the droplet volume ratio of the lower case to the vertical case, α ≈ 0.32 for
the droplet volume ratio of the vertical case to the upper case, and α ≈ 0.35 for the droplet
volume ratio of the lower case to the upper case. We conclude that α(Ar ≈ 10) ≈ 0.35
reasonably describes our data, which for this Ar seems to us to be a reasonable deviation
from the value α(Ar = 0) = 0.5 without gravitational effects.
As stated already above, for small Ar  1, i.e., for small channel height h (see the
definition eq. (1), gravity effects will diminish. To confirm this, we conducted experiments
in another horizontal channel with a smaller height of h = 0.07 mm, corresponding to
Ar ≈ 0.35, at flow rate Q = 400 µL/min. The images and the size analysis of the droplets
are shown in Fig. 6. Indeed, we found that there is no difference in the average volume of
droplets on upper or lower walls, in contrast to the significant difference for the channel height
h = 0.21 mm. This result further supports the gravity effects on the droplet formation by the
solvent exchange. Meanwhile, according to Eq. (4) for the situation without gravitational
effect shown in Fig. 6b, the droplet volume reduces with the cube of the channel height.
As the channel height decreases from 0.21 mm to 0.07 mm, we obtain the droplet volume
from 0.56 µm3/µm2 to 0.03 µm3/µm2. This is in good agreement with the prediction, given
the resolution limit for the measurement of the channel height by an optical microscopy.
The schematics of the flow profiles in the horizontal situation and the corresponding oil
oversaturation pulses ζ(t) of the lower and upper wall for channel heights 0.21 mm (Ar ≈ 10)
and 0.07 mm (Ar ≈ 0.35) are shown as Fig. 6c and d, respectively. As the channel height
decreased from 0.21 mm to 0.07 mm and Ar from  1 to a value smaller than 1, the value
of α goes up from 0.35 to close to 0.5, i.e., the value of the symmetric situation.
With our understanding of gravity effects, we now re-examine the experimental results
of ref. 16, where the droplets were produced on the bottom wall of horizontal channels of
three different heights. As the channel height increased from h1 = 0.33 mm, h2 = 0.68 mm
12
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Figure 5: Geometrical schematics of solvent exchange process in different tilting angle (a:
90◦, b: 0◦ and 180◦). The vector g points in the direction of gravity. The dashed lines show
the position of the maximal flow velocity at each situation.
to h3 = 2.21 mm (corresponding to Archimedes numbers of Ar1 = 36, Ar2 = 314, and
Ar3 = 10794, respectively), the available time τ ∼ h2/D for the droplet growth increases.
In ref. 16 it was also conjectured that in the two higher channels convection rolls further
contribute to the better mixing, and hence enhance the droplet growth. The convection
rolls occurred for the two higher channels as for those cases the Rayleigh number was above
the critical value for onset of convection. In ref. 16 the ratio of the droplet volume was
found to be approximate 1 : 1.4 : 2.8 for the three channels of height 0.33 mm, 0.68 mm,
and 2.21 mm, respectively. This ratio is much smaller than h31 : h32 : h33, as according to
equation (2) the gravity effects must be considered, too, namely (apart from the effects of the
convection rolls) the volume ratio should be (α(Ar1)h1)3 : (α(Ar2)h2)3 : (α(Ar3)h3)3, with
a monotonously decreasing function α(Ar). Clearly, the gravity effects reduce the droplet
volume and thus partly compensate the collective contributions from the larger channel
height and the convection.
As experimentally seen, gravity also influences the droplet formation in the vertical flow.
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Figure 6: (a) Optical images and (b) average volume at 0◦, 90◦ and 180◦ tilting angles under
the channel height 0.07 mm at the flow rate 400 µL/min. (c) and (d) Actual profile of flow
at the horizontal set and the corresponding oil oversaturation (ζ(t)) pulses of the lower and
upper wall under the channel height 0.21 mm and 0.07 mm, respectively.
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As seen from figures 2c and 3(a-d), the droplet volume is larger for the downward flow than
for the upward flow, which is particularly pronounced at slow flow rates. Two possible effects
may contribute to this feature: First, although the flow rate of solution B was controlled,
the body force due to the density difference (∼ 10%) between solution A and B differently
affects the fluid velocity for downward and upward flow: For downward flow, the actual
flow rate may in fact be slightly larger due to gravity, leading to an effectively larger Peclet
number. This effect would be particularly pertinent at low flow rates (as indeed seen in
figure 4). Second, it could be that for downward flow (water pushing down the lighter
ethanol) the Rayleigh-Taylor instability25,26 leads to enhanced mixing at the interface and
thus to larger droplets. Again, this effect would be relatively more pronounced at low flow
rates than at large flow rates, as then the instability has more time to develop. Additionally,
we do not want to exclude that there are deficiencies in our control of the flow rate Q, in
particular as the overall volume changes when mixing ethanol and water. We noticed that
some droplets line up along the downward flow direction at slow flow rates, in contrast to
the rather homogenous distribution over the entire surface in case of an upward flow. This
suggests a non-uniform flow in our channel connected gravity effects.
Conclusions
In summary, we experimentally and theoretically investigate gravitational effect on the nu-
cleation and growth of surface nanodroplets during the exchange of a lighter good solvent
by a heavier poor solvent. With a channel height of 0.21 mm, we found the droplet size
is significantly larger on the upper wall than that on the lower wall. The gravitational ef-
fect is attributed to the non-symmetrical parabolic profile of the mixing front under gravity.
Specifically, the position of the maximal flow velocity is shifted away from the upper wall
towards the lower wall. Consequently, the diffusion time for the droplet growth is longer
for the upper wall, and shorter for the lower wall. The ratio of the droplet volume on the
15
lower and upper wall followed α3 : (1− α)3, where the position of velocity peak Vmax is αh.
When the channel is placed vertically in an upward flow, or is reduced in height, the gravity
effect becomes negligible for the droplet formation. The results in this work have clearly
demonstrated that the droplet nucleation and growth is coupled with the flow conditions
near the boundary. The finding will guide the design of the flow conditions in the solvent
exchange for the controlled formation of surface nanodroplets.
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